The lacY gene of Escherichia coil, which encodes the lac permease, has been modified by oligonucleotide-directed, site-specific mutagenesis such that each of the four histidine residues in the molecule is replaced with an arginine residue. Replacement of histidine-35 and histidine-39 with arginine has no apparent effect on permease activity. In contrast, replacement of either histidine-205 or histidine-322 by arginine causes a dramatic loss of transport activity, although the cells contain a normal complement of permease molecules, as determined by immunoadsorption assays. Interestingly, although substitution of histidine-205 or histidine-322 by arginine results in the loss of ability to catalyze active lactose transport, permease molecules with arginine at residue 322 appear to facilitate downhill lactose movements at high concentrations of the disaccharide. The results provide strong support for the contention that histidine residues in the lac permease play an important role in the coupling between lactose and proton translocation.
The lac permease ofEscherichia coli is an intrinsic membrane protein encoded by the lacY gene that mediates symport (co-transport) of ,-galactosides with H' (cf. refs. 1-3 for recent reviews). Thus, in the presence of a H' electrochemical gradient (AAH+-interior negative and/or alkaline), the permease catalyzes accumulation of lactose against a concentration gradient. Conversely, under nonenergized conditions, downhill movement of /3-galactosides along a concentration gradient drives uphill translocation of H' with generation of A/.H+-The lacY gene has been cloned (4) and sequenced (5) , and the permease has been purified to homogeneity in a completely functional state (6) (7) (8) (9) (10) (11) (12) (13) (14) . Since proteoliposomes containing purified permease catalyze all of the reactions typical of (-galactoside transport with turnover numbers and apparent Km values comparable to those of bacterial membrane vesicles (10) , it is likely that the product of lacY is the sole polypeptide species required for lactose transport.
A secondary structure model for lac permease based on circular dichroic measurements and an analysis of sequential hydropathic character suggests that the polypeptide is organized into 12 hydrophobic a-helical segments that span the bilayer in a zigzag manner connected by hydrophilic charged segments (15) . While by no means proven, proteolytic experiments (16) and binding studies with monoclonal (17) (18) (19) (20) (21) and site-directed polyclonal antibodies (19, 22) have provided preliminary support for the general model.
Although the mechanism by which the lac permease transduces A!iH+ into a lactose concentration gradient is unknown, studies (23) (24) (25) with diethylpyrocarbonate and rose bengal in right-side-out membrane vesicles suggest that histidine residues may play an important role in coupling fl+ and lactose translocation. Site-directed mutagenesis (26) provides a means of altering amino acid residues in a protein with a high degree of specificity, and the approach has been used recently (27, 28) to evaluate the role of cysteine-148 in the permease. We have now utilized the technique to systematically replace the four histidine residues in the permease with arginine, and the results are described herein.
MATERIALS AND METHODS
Materials. All materials utilized were reagent grade and obtained from commercial sources as described (29) .
Methods. Bacterial strains. The following strains of E. coli K-12 were used: JM101 (Alacpro, supE, thi/F', traD36, proAB, lacJqZAMJ5) (30) Site-directed mutagenesis. Oligonucleotide-directed, sitespecific mutagenesis (26) was performed essentially as described with the following modifications (29) : (i) heteroduplex DNA synthesized in vitro was treated with HindI1 in the presence of ethidium bromide and heat denatured to increase the efficiency of mutant recovery and (ii) E. coli JM101, rather than JM103, was used to propagate M13 phage containing the mutations.
The template used for mutagenesis was single-stranded (ss) M13mpl9 DNA containing as an insert the antisense strand of a 2.3-kilobase-pair lacY gene-containing EcoRI restriction fragment (31) . Codons for histidine residues-35 and -39 of the lac permease were changed concomitantly to arginine codons (CAT -+ CGT) with a single mutagenic primer (5'-TGATAC*GGTTGATGTCAC*GTAGC-3') containing two mismatches (*). Histidine-205 and histidine-322 were changed to arginine residues by using separate mutagenic primers (5'-GCCGAAC*GGTTGGCACCT-3' and 5'-AACATAC*GCAGCGTTTTC-3', respectively), each of which contained a single mismatch (*).
Phage harboring a given mutation were identified initially by dot-blot hybridization using the appropriate 32P-labeled mutagenic primer as a probe (26 The publication costs of this article were defrayed in part by page charge payment. This article must therefore be hereby marked "advertisement" in accordance with 18 U.S.C. §1734 solely to indicate this fact.
mutations that involve bases 104 and 116 of lacY were sequenced with an 18-base oligonucleotide (5'-GCGG-TTCGAATAATAGCG-3') complementary to bases 167-184 of lacY, the arginine-205 mutation at base 614 was sequenced with an 18-base oligonucleotide (5'-GGTGCCGGAAACG-CCAAT-3') complementary to bases 688-705 of lacY, and the arginine-322 mutation at base 965 was sequenced with an 18-base oligonucleotide (5'-ACGGAAATTCAGGTGAAG-3') complementary to bases 1173-1190 of lacY. Because of the relatively long distance of the last mutation at base 965 from the binding site of the sequencing primer, 4% acrylamide, rather than 8%, was used in the sequencing gel.
As a qualitative test for lac permease activity, the cryptic strain E. coli CS71 (Z+Y-) was infected with phage bearing mutated lacY, and the cells were grown on lactose/eosin methylene blue (EMB) indicator plates (36) .
Cloning of mutated 2.3-kilobase-pair fragments into plasmid pACYC184 and subsequent transformation of E. coli T184 with recombinant plasmids are described elsewhere (27) (28) (29) .
HincIl restriction enzyme analysis was used to select plasmids in which the orientation ofthe mutated 2.3-kilobasepair fragments is identical to that in pGM21 (31) . As an additional screen for a given mutation, dot-blot hybridization with an appropriate 32P-labeled mutagenic primer was also carried out on plasmids suspected of containing specified lacYmutations. For this purpose, the plasmids were digested with EcoRI, and the DNA was purified by sequential extraction with phenol, chloroform, and ether prior to precipitation in cold ethanol. The DNA was then incubated at 95-1000C for 3 min, cooled rapidly in ice water for 2 min, and applied to nitrocellulose for dot-blot hybridization.
Growth of cells and membrane preparation. E. coli T206, R35-39, R205, and R322 (i.e., T184 harboring given plasmids) were grown and induced with isopropyl 1-thio-f3-D-galactopyranoside as described (31) . CS71 was grown in minimal medium (33) , and HB101 was grown in Luria broth (32) . For preparation of membranes, cells were disrupted by a single passage through a French pressure cell at 20,000 psi (1 psi = 6.895 kPa), and the membrane fraction was recovered by differential centrifugation (6) .
Binding of monoclonal antibodies (mAbs). In order to quantitate the amount ofpermease present in the membranes, immunoblot analyses were performed as described (21) with mAb 4A1OR and 125I-labeled protein A. Alternatively, the permease was assayed by direct binding studies with l25l-labeled mAb 4B1 (20) .
Permease activity. Permease activity was assayed qualitatively by transforming the cryptic strain E. coli HB101 (Z+Y-) with a given plasmid, followed by growth on lactose/EMB indicator plates. Quantitative assays of permease activity were performed with T184 harboring given plasmids by measuring active transport of [1-'4C]lactose using rapid filtration (27, 28) .
Protein determinations. Protein was measured according to Lowry et al. (37) with bovine serum albumin as standard.
RESULTS
Verification of Mutations by DNA Sequencing. The lacY gene in each of the plasmids used here was cloned initially from pGM21 into the replicative form of M13mpl9 DNA, and ss phage DNA was isolated and used as a template for site-directed mutagenesis. Subsequently, ss phage DNA containing mutated lacY was isolated and sequenced (29) using appropriate primers complementary to regions of lacY 50-100 bases downstream from the mutations. As shown by the sequence analyses summarized in Table 1 , the mutated lacY genes described contain A --G changes at the sites predicted. (27, 28). pGM21 (i.e., cells transformed with either plasmid are no longer cryptic). However, when the lactose concentration in the plates is reduced to 12.5 mM and 6.5 mM, although pGM21-transformed cells remain red, HB101/pR322 are white. Nonetheless, it is apparent that E. coli R322, like R205, is unable to catalyze active lactose transport (Fig. 2) and that it contains a normal complement of permease in the membrane, as judged by immunoblots (Fig. 3) and by direct binding measurements with 125I-labeled mAb 4B1 (data not shown). Presumably, therefore, permease molecules containing an arginine residue in place of histidine-322 retain the ability to facilitate lactose entry at high substrate concentrations although they no longer catalyze uphill lactose transport against a concentration gradient.
DISCUSSION
The results presented here provide strong confirmation of previous studies (23) (24) (25) demonstrating that acylation of right-side-out membrane vesicles with diethylpyrocarbonate or photooxidation in the presence of rose bengal inactivates lactose/H' symport via the lac permease. Since these operations are known to be relatively specific for histidine residues and subsequent studies (25) with purified, reconstituted lac permease show that rose bengal-catalyzed photooxidation modifies two of the four histidine residues in the permease, it was concluded that histidine residues are critical for symport. Clearly, the present studies utilizing oligonucleotide-specific, site-directed mutagenesis to replace each histidine residue in the permease with arginine provide almost unequivocal support for this contention. Thus, concomitant replacement of histidine-35 and histidine-39 with arginine has no discernible effect on permease activity, while substitution of arginine for either histidine-205 or histidine-322 causes inactivation of active transport.
Notably, although the permease molecules encoded by pR205 and pR322 do not catalyze active transport, the phenotypes conferred by the two plasmids differ in an important manner. When grown at high lactose concentrations, HB101/pR322 appears red on indicator plates, indicating that the cells are permeable to lactose, even though they are unable to accumulate the disaccharide against a concentration gradient. In contrast, HB101/pR205 remains cryptic even at high lactose concentrations. In other words, based on these preliminary results, it appears that permease containing arginine at position 322 is able to facilitate lactose movements down a concentration gradient at high substrate concentrations, while permease containing arginine at position 205 is completely inactive. Interestingly, treatment of right-side-out vesicles with diethylpyrocarbonate also inactivates lactose/H+ symport with little effect on downhill movement of lactose at high substrate concentrations (i.e., facilitated diffusion) (23) (24) (25) . In this regard, direct measurements of facilitated diffusion in proteoliposomes reconstituted with the altered permease molecules should be informative (10) .
Although oligonucleotide-directed, site-specific mutagenesis is a powerful technique, allowing highly specific changes in primary structure to be made at will, problems remain concerning the interpretation ofa given alteration on catalytic activity. Thus, changing a given amino acid residue might lead to a change in catalytic activity for at least two reasons: (i) the mutagenized amino acid residue in question might play a direct, primary role in the reaction mechanism or (ii) the Biochemistry: Padan et al.
replacement might lead to an alteration in activity via a secondary structural change. With regard to the present experiments, therefore, the question is whether histidine-205 and -322 play a direct role in lactose/H' symport or their replacement with arginine leads to a structural change with secondary, long-range effects. Although it is impossible to answer the question satisfactorily without detailed structural information, the following considerations are noteworthy in this context: (i) arginine was chosen specifically to replace histidine to maintain positive charge in the mutagenized residues and (ii) replacement of histidine-35 and histidine-39 with arginine has no discernible effect on permease activity. More importantly, it should be possible to resolve this question to some extent by further mutational analyses. It should be possible to obtain revertants of pR205 and pR322 that encode catalytically active permease molecules and, by sequencing lacY in these reversion mutants, it should be possible to determine the nature of the reversion. If all of the back mutations involve arginine to histidine codons at the appropriate site, the conclusion that histidine plays a direct, primary role in lactose/H' symport would seemjustified. On the other hand, if a significant number of revertants involve nucleotides encoding other residues in the permease, it would seem unlikely that histidine residues per se are directly involved in the symport mechanism.
Note Added in Proof. Since submission of this manuscript, the following observations have been made: (i) Permease has been purified from R322 membranes, reconstituted into proteoliposomes, and shown to catalyze facilitated diffusion of lactose at a significant rate. In the same proteoliposomes, however, downhill movement of lactose does not lead to alkalinization ofthe medium (i.e., lactose and H+ translocations are uncoupled in the R322 permease). (it) A number of spontaneous revertants of R205 have been isolated, and partial sequencing of lacY in three of the plasmids reveals back mutations of G --A in condon 205 (i.e., arginine to histidine).
